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tive	 for	predicting	 species	distributions	under	anthropogenic	climate	and	 land	use	















altitude,	abiotic	 stress	 (likely	 intensive	 frost	and	 radiation)	overruled	any	microsite	
effects.	At	mid‐altitude,	benefits	of	 competition	 release	prevailed	over	 facilitation	
and	microsite	effects	gained	 importance	under	 livestock	presence.	 Inconsistencies	
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1  | INTRODUC TION
Understanding	 the	 forces	 that	 shape	 establishment	 of	 plant	 spe‐
cies	 is	highly	 important	 for	 the	prediction	of	 their	 future	distribu‐
tion	 in	the	face	of	global	change.	Considerable	attention	has	been	
drawn	to	mountain	forests,	which	are	currently	under	tremendous	











community	 reshuffling,	biodiversity	 loss	 and	possibly	 forest	death	
(Walther,	2003,	Parmesan,	2006).
Decreased	 germination	 rates	 and	 recruitment	 are	 considered	
to	be	primary	mechanisms	forcing	changes	in	distribution	and	driv‐
ing	plant	populations	to	local	extinction	(Kitajima	&	Fenner,	2000).	
Seedling	establishment	 at	 a	 given	 site	 is	 therefore	 a	useful	metric	
for	the	effects	of	climate,	land	use	and	microsite	conditions	on	plant	
species	at	their	range	limits	(Louthan,	Doak,	&	Angert,	2015).	A	rich	
body	of	 literature	offers	 insights	on	effects	of	 those	environmen‐
tal	drivers	in	isolation	while	very	few	conclusive	experimental	tests	
have	studied	their	interactive	effects	on	early	life	cycle	stages.
Early	 life	 performance	 of	 mountain	 tree	 species	 has	 been	 as‐
sessed	along	altitudinal	gradients	as	proxy	for	several	environmen‐
tal	variables	(namely,	temperature,	UV	exposure	and	precipitation).	
These	 studies	 have,	 for	 example,	 identified	 low	 temperatures	
(Maher	&	Germino,	2006;	Piper,	Cavieres,	Reyes‐Díaz,	&	Corcuera,	
2006;	 Rada,	 García‐Nuñez,	 &	 Rangel,	 2011),	 intense	 solar	 radia‐
tion	 and	desiccation	 (Bader,	Van	Geloof,	&	Rietkerk,	 2007;	Gieger	
&	Leuschner,	2004),	soil	properties	(Davis,	Hager,	&	Gedalof,	2018)	
as	 crucial	 determinants	 of	 germination,	 seedling	 performance	 and	
survival.	Investigating	the	effect	of	altitude	on	seedling	performance	
has	 also	 provided	 evidence	 for	 genetic	 differentiation	 (Marcora,	
Tecco,	Zeballos,	&	Hensen,	2017)	as	well	as	for	species‐specific	re‐
generation	niches	(Morales,	2017).	Anthropogenic	influence,	mainly	




2004),	whereas	 negative	 effects	 on	 seedling	 recruitment	 and	 sur‐
vival	have	been	reported	from	experimental	settings	(Gill	&	Beardall,	




Zimmermann,	 Renison,	 Leyer,	&	Hensen,	 2009)	 because	 browsing	
and	trampling	may	also	reduce	existing	vegetation	cover	and	thereby	
increase	soil	 temperatures	 that	 facilitate	germination	and	seedling	
emergence.	These	apparently	contradicting	results	suggest	a	com‐
plex	context‐dependent	 influence	of	 land	use	 for	 livestock	 rearing	





Smith,	 Germino,	 Johnson,	 &	 Reinhardt,	 2009).	 On	 the	 one	 hand,	
plants	or	abiotic	physical	structures	in	immediate	vicinity	can	facil‐










otic	 and	abiotic	 key	 factors	 remains	a	 scientific	 challenge:	 theory	
suggests	that	abiotic	constraints	primarily	determine	vital	rates	in	
harsh	 environments	 (e.g.	 at	 high	 latitudes	 or	 altitudes)	 and	 biotic	
interactions	do	so	in	benign	environments	(e.g.	at	low	latitudes	or	
altitudes),	reviewed	in	Louthan	et	al.	(2015).	Moreover,	facilitative	
effects	 are	predicted	 to	be	more	 common	under	harsh	 abiotic	or	
disturbed	 conditions,	whereas	 antagonistic	 interactions	 prevail	 in	
benign	habitats	(sensu	Callaway	et	al.,	2002).	Nonetheless,	environ‐
mental	factors	rarely	vary	in	parallel	along	gradients	(e.g.	altitudinal)	
conditioning	 the	 outcome	 of	 the	 competition–facilitation	 trajec‐
tory.	Furthermore,	livestock	rearing	may	alter	resource	availability	
by	defecation,	create	small‐scale	physical	disturbances	by	trampling	
and	 relax	 competition	 according	 to	 animals'	 foraging	 preferences	
(Mazzini,	 Relva,	&	Malizia,	 2018;	Mortensen	 et	 al.,	 2017).	 Finally,	
the	effects	of	microsite	conditions	can	be	highly	complex	and	the	
microhabitats	 as	 “safe	 sites”	 for	 tree	 regeneration	 especially	 in	mountain	 environ‐
ments	with	high	spatio‐temporal	heterogeneity.
K E Y W O R D S
abiotic	factors,	competition,	facilitation,	livestock,	microsites,	Polylepis australis,	recruitment,	
safe	sites,	seed	regeneration,	seedlings
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suitability	 of	 particular	 microsites	 for	 regeneration	 not	 only	 de‐
pends	on	their	very	nature	(i.e.	nursing	structures	or	nursing	plants;	
Haussmann,	 McGeoch,	 &	 Boelhouwers,	 2010;	 Munguía‐Rosas	 &	
Sosa,	 2008)	 but	 also	 on	 the	 particular	 climatic	 stressors	 existing	
along	 altitudinal	 gradients,	 on	 the	 type	 of	 prevailing	 human	 land	
use	 activities	 and	 the	 spatial	 configuration	 of	 vegetation	 and	mi‐
crotopography.	Consequently,	there	is	an	apparent	need	for	stud‐
ies	that	address	potential	interactions	among	climate,	land	use	and	
fine‐scale	 microsite	 characteristics	 in	 order	 to	 gain	 an	 improved	
understanding	of	recruitment	limitation	and	regeneration	dynamics	




ual	 trees	 reaching	 elevations	 as	 high	 as	 5,000	m.	 Similar	 to	 other	
mountain	 forests,	 they	 provide	 fundamental	 source	 of	 habitat	 for	




results	 of	 previous	 work	 (Morales,	 Sevillano‐Rios,	 Fick,	 &	 Young,	
2018;	Rehm	&	Feeley,	2015;	Renison,	Morales,	Cuyckens,	Sevillano,	
&	Amaya,	2018)	suggest	this	system	is	both	excellently	suited	and	of	
highest	 priority	 to	 investigate	mechanisms	 controlling	 recruitment	
of	mountain	 tree	 species.	 Today,	 it	 is	 acknowledged	 that	 the	 cur‐





uated	 changes	 in	 early	 life	 performance	 and	 simultaneously	 as‐
sessed	the	relative	importance	of	altitude,	land	use	and	microsite	
conditions.	 Experiments	 that	 comprehensively	 test	 for	 recruit‐
ment	 limitation	 remain	 rare	because	 their	 inherent	 labour	 inten‐
siveness,	high	seedling	mortality	and	the	difficulty	of	manipulating	





















The	 endemic	 treeline	 species	 Polylepis australis	 (Rosaceae)	 is	 the	
southernmost	 species	 of	 this	 genus	 and	 dominates	 the	 canopy	 of	
open‐canopy	 forests	 (also	 called	woodlands).	 In	 central	Argentina,	
P. australis	individuals	can	be	found	from	900	to	2,700	m.a.s.l.,	with	
highest	 performance	 at	 around	1,800	m	 according	 to	 growth	 and	
seed	production	 (Marcora,	Hensen,	Renison,	Seltmann,	&	Wesche,	
2008)	 and	 around	 1,900	 m	 according	 to	 P. australis	 forest	 cover,	
post‐fire	 survival	 and	growth	 (Argibay	&	Renison,	2018).	The	 spe‐
cies	 is	 wind	 pollinated	 and	 self‐incompatible	 (Seltmann,	 Cocucci,	
Renison,	 Cierjacks,	 &	Hensen,	 2009),	 and	 fruits	 are	 single‐seeded	
nutlets	(hereafter	referred	to	as	seeds)	that	ripen	and	fall	from	the	
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2.2 | Study area
























2.3 | Seed collection and preparation
Seeds	were	hand‐harvested	 in	February	and	March	2016	 from	10	
to	15	individuals	in	11	accessible	forest	fragments.	Fragments	were	




sexually	 mature,	 haphazardly	 selected	 individuals.	 In	 the	 labora‐
tory,	collected	seeds	were	cleaned	and	pooled.	Afterwards,	average	
mass	of	 twenty	 randomly	 selected	 subsamples	each	of	300	seeds	
(2.347	±	0.026	g)	was	obtained	using	a	precision	balance	 (ENTRIS	
124i‐1S,	 Sartorius	 Lab	 Instruments,	 Göttingen	 ‐	 Germany).	 Based	
on	 this	average	mass,	 the	300	seeds	of	each	seed	batch	added	 to	





2.4 | In situ sowing experiment





of	 100–500	m	 from	 each	 other,	 in	 order	 to	 cover	 varying	 habitat	
conditions.	Each	site	consisted	of	 two	main	plots,	one	plot	 fenced	
(livestock	absent)	and	the	other	one	 located	outside	the	exclosure	




randomly	 assigned	 to	 one	 out	 of	 four	 microsites:	 rocks	 (R),	 tus‐
sock	grasses	(T),	pasture	lawns	(P)	or	bare	soil	(S).	Each	subplot	was	
marked	with	a	numbered	metal	pin	of	40	cm	length	fixed	to	the	soil;	







Rock	 microsites	 comprised	 any	 kind	 of	 microhabitat	 delim‐
ited	laterally	 (<10	cm	apart	from	the	rock	edge)	by	a	rock	outcrop.	
Tussock	microsites	were	 located	upslope	and	adjacent	 (<10	cm)	 to	
a	 discrete	 patch	 of	 tussock	 grass	 (Festuca hieronymi	 Hack,	 Jarava 
pseudoichu	(Caro)	F.	Rojas,	Nassella filiculmis	(Delile)	Barkworth	and	







artificially	 created	on	 a	 50	 cm	×	50	 cm	 area	 using	 a	 small	 shovel,	
by	superficially	clearing	above‐ground	vegetation	but	leaving	roots	
and	non‐organic	material	 in	place	 (Aarssen	&	Epp,	1990;	Tingstad,	
Olsen,	 Klanderud,	Vandvik,	&	Ohlson,	 2015).	 Since	 vegetation	 re‐
grew	within	several	weeks	at	mid‐altitude,	we	had	to	clear	the	sub‐
plots	more	than	once	at	these	sites.	In	contrast,	we	did	not	observe	
significant	 regrowth	 during	 the	whole	 experimental	 period	 at	 low	
and	high	altitudes.
In	summary,	our	experiment	was	set	up	according	to	a	split‐plot	
design	 (see	 Figure	 2).	 The	 main	 plots	 representing	 different	 live‐
stock	treatments	(exclosure	vs.	 livestock	present)	were	considered	
as	 the	main	plot	 level,	and	the	subplots	 representing	the	different	
microsites	were	considered	as	 the	 subplot	 level.	Furthermore,	our	
experiment	included	two	nested	blocking	factors;	first,	the	two	sites	
nested	within	altitude	and	second,	the	30	blocks	nested	within	each	
main	plot.	This	design	 resulted	 in	a	 total	of	1,440	subplots	 (3	alti‐
tudes	×	2	sites	×	2	livestock	treatments	×	30	blocks	×	4	microsites).
2.5 | Livestock treatment and microclimatic 
characterizations at each altitude
High,	mid‐	 and	 low	 altitudes	were	 fenced	 in	 2012,	 2013	 and	2015,	
respectively.	 Assuming	 that	 community	 responses	 become	 slower	
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with	 increasing	altitude,	higher	altitude	exclosures	had	more	time	to	
change	 than	 lower	 altitude	 exclosure,	 compensating	 for	 the	 differ‐
ences	in	change	rate	at	least	in	part.	We	constructed	the	fences	large	
enough	(total	fenced	area	of	≈20	ha)	to	cover	both	exclosures,	except	








to	 those	 reported	 within	 the	 entire	 mountain	 system	 of	 Sierras	 de	
Córdoba	and	considered	low	to	moderate	(Renison	et	al.,	2015;	Teich,	

















natural	 seed	 rain.	 Specifically,	we	added	300	P. australis	 seeds	 to	
each	subplot	resulting	in	a	total	of	432.000	seeds.	Maximum	seed	
dispersal	 distance	 in	P. australis	 is	 reported	 to	 be	 <10	m	 (Torres,	
Renison,	 Hensen,	 Suarez,	 &	 Enrico,	 2008);	 accordingly,	 natural	
seedling	recruitment	in	P. australis	is	limited	to	the	close	neighbour‐
hood	of	seed‐producing	adults.	Renison	et	al.	(2015)	controlled	for	
natural	 seed	 dispersal	 in	 a	 study	 that	 employed	 similar	 methods	
in	 this	 area;	 considering	 a	 total	 252	 control	 plots,	 they	 detected	










During	 the	 first	 growing	 season	 after	 sowing	 (May	 2016,	
hereafter	termed	t1),	we	carefully	searched	for	seedlings	on	each	
microsite	 subplot	 and	 recorded	 the	 total	 number	 present	 (here‐
after	 termed	 seedling	 emergence).	 Up	 to	 ten	 randomly	 chosen	
seedlings	 were	 marked	 with	 metallic	 sewing	 pins.	We	 recorded	
seedling	height	and	the	number	of	 true	 leaves	of	 the	marked	 in‐
dividuals	and	calculated	the	mean	for	both	variables	per	subplot.	
Moreover,	 we	 determined	 the	 proportion	 of	 marked	 individuals	
exhibiting	 reddened	 leaves,	which	we	 considered	 as	 a	 symptom	
of	physiological	stress	(Chalker‐Scott,	2002;	Gould,	2004).	During	
the	 second	growing	 season	after	 sowing	 (March	2017,	hereafter	
termed	 t2),	 we	 again	 determined	 the	 total	 number	 of	 seedlings	
present	 within	 each	 subplot	 (hereafter	 termed	 seedling	 recruit‐
ment)	 which	 included	 recently	 emerged	 seedlings	 (cotyledons	
present)	and	the	proportion	of	previously	marked	individuals	that	


































stressed	seedlings	at	 t1	and	 t2	and	 recruitment	and	survival	at	 t2	
were	fitted	with	a	binomial	error	distribution	and	logit	link	function.	
A	multiplicative	overdispersion	parameter	was	added	to	account	for	
overdispersion	 if	 necessary.	 The	models	 for	 all	 response	 variables	
comprised	the	fixed	factor	altitude	(low,	mid,	high),	livestock	(absent,	
present)	and	microsite	(rock,	tussock,	pasture,	soil)	as	well	as	all	pos‐









number	 of	 seedlings	was	 too	 low	on	 this	 particular	microsite.	 For	
survival	at	t2,	mean	number	of	 leaves	at	t2	and	stressed	seedlings	
at	 t2	 models	 included	 only	 low‐	 and	 mid‐altitude	 data	 sets	 (960	
plots),	as	the	majority	of	marked	seedlings	had	died	at	t2	at	the	high	
altitude.
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3  | RESULTS
3.1 | Seedling emergence and seedling performance 
in the first growing season (t1)
Two	months	 after	 in	 situ	 sowing	 took	 place,	 we	 recorded	 a	 total	
number	 of	 8,641	 emerged	 seedlings	 in	 the	 1,440	 subplots	 estab‐
lished	across	the	altitudinal	gradient.	In	general,	emergence	events	
observed	 during	 the	 first	 growing	 season	 decreased	 in	 frequency	
towards	high	altitude	(low:	5,399,	mid:	2,905,	high:	337).
Microsite	 effects	 on	 seedling	 emergence	 significantly	 differed	
among	altitudes.	Differences	observed	between	microsites	were	less	







































crosite;	 Table	 1).	 At	 low	 altitude,	 livestock	 presence	 accentuated	
microsite	suitability	differences	(absent:	R	<	S,	T	<	S;	present:	R	<	P,	
R	<	S,	T	<	P,	T	<	S)	while	under	moderate	conditions	at	mid‐altitude,	




3.2 | Recruitment, survival and seedling 
performance in the second growing season (t2)











tion	altitude	×	microsite;	Table	1).	At	 low	altitude,	 lowest	 seedling	
recruitment	was	 consistently	 found	 in	 pasture	microsites,	with	no	






























microsites	 were	 found	 (Figure	 4c;	 Figure	 S6h).	 Number	 of	 leaves	
was	significantly	affected	by	livestock	(absent:	3.22	±	0.17,	present:	
3.72	±	0.15;	least	square	mean	±	SE)	and	microsite	(R:	3.67	±	0.20,	
T:	 3.27	±	0.20,	P:	 2.79	±	0.23,	 S:	 4.16	±	0.19;	 significant	main	 ef‐
fects	 of	 livestock	 and	 microsite,	 Table	 1).	 Number	 of	 leaves	 was	
larger	in	S	microsites	compared	to	P	and	T	microsites	(S	>	P(p<0.0001); 















4.1 | Effects of abiotic stress at altitudinal 
margins and livestock presence: more than their sum?
We	expected	that	synergistic	negative	effects	of	livestock	presence	






titude	and	 livestock	were	detected	 in	any	of	 the	responses	during	
both	growing	seasons,	indicating	that	the	effects	of	livestock	were	
independent	of	altitude.
Very	 few	 studies	 have	 explicitly	 assessed	 livestock	 presence	
complex	 interactions	 with	 altitude	 on	 tree	 early	 life	 performance	
with	 findings	 being	 rather	 divergent.	Cierjacks,	 Rühr,	Wesche	 and	
Hensen	 (2008),	 for	 example,	 reported	 that	 livestock	 presence	
significantly	increased	seedling	density	in	P. incana	at	low‐	and	mid‐















P. australis	 is	much	 less	 important	than	the	 impact	of	microsites	 in	
interaction	with	altitude	(see	below).
4.2 | Abiotic stress and microsites: facilitative 





















On	 the	other	hand,	 tussocks	mostly	 favoured	seedling	emergence	
at	low	altitude,	and	the	main	mechanism	suggested	for	seedling	fa‐
cilitation	 under	 tussocks	 is	 the	 improvement	 of	 soil	 moisture	 and	
microclimate	by	the	shading	provided	by	their	canopy,	 rather	than	






microsite	 suitability	 changed,	 as	differences	between	microsites	
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were	 consistently	 insignificant	 at	 high	 altitude	 for	 seedling	 per‐
formance	 (t1)	and	recruitment.	Moreover,	 the	relative	suitability	
of	microsite	 types	 at	 each	 altitude	 differed	 depending	 on	what	
response	variable	was	considered.	At	low	altitude,	any	accompa‐






Figure	 S3).	 However,	 regarding	 total	 proportions	 of	 recruited	
and	 surviving	 seedlings	 at	 low	 altitude,	we	 found	 lowest	 values	
in	pastures	 indicating	pervasive	negative	effects	of	 competition	
by	 neighbouring	 low‐growing	 grasses.	 Grass	 cover	 might	 addi‐
tionally	intensify	predation	or	disease	of	tree	seedlings	(Maher	&	
Germino,	2006),	but	we	observed	little	evidence	for	these	agents.	
In	 contrast,	 at	mid‐altitude	where	 abiotic	 stress	 factors	 are	 less	
limiting	 to	 growth,	 relative	 suitably	 of	 bare	 soil	was	 notably	 in‐







on	 tree	 seedling	 emergence	 and	 recruitment	 in	 bare	 soil	micro‐
sites,	across	temperate	treeline	ecotones.	Finally,	at	high	altitude,	




number	 of	 leaves.	 In	 addition,	 seedling	mortality	 by	 the	 second	
year	 (t2)	was	 extremely	 high	 at	 highest	 altitude.	Decreasing	 fa‐
cilitative	effects	at	the	extreme	ends	of	environmental	gradients	
have	 been	 found	 and	 discussed	 by	 other	 authors	 (Kitzberger,	
Steinaker,	&	Veblen,	2010;	Koyama	&	Tsuyuzaki,	2013;	Michalet,	
Le	 Bagousse‐Pinguet,	Maalouf,	 &	 Lortie,	 2014).	 The	 lack	 of	mi‐
crosite‐mediated	 effects	 we	 observed	 on	 post‐emergence	 per‐
formance	(seedling	performance	[t1]	and	recruitment	[t2])	at	high	
altitude	might	be	explained	by	a	decline	in	both	facilitative	effects	
(i.e.	 severe	 environmental	 conditions	 cannot	 be	 ameliorated	 by	
surrounding	vegetation	or	microtopographic	structures)	and	com‐
petitive	 interactions	 (i.e.	 plants	 grow	 slower	 and	 smaller	 under	












4.3 | Altitude, land use for livestock and microsite: a 
three‐faceted influence?
The	 specific	 expectations	we	 had	 regarding	 the	 presence	 of	 live‐
stock	at	altitudinal	margins	commonly	associated	with	harsher	abi‐




























Ouden,	&	Müller‐Schärer,	 2007),	 future	 research	 is	 encouraged	 to	
study	their	co‐occurrence	along	environmental	gradients	and	to	re‐
veal	 the	 complex	 array	 of	 associated	mechanisms	 underlying	 suc‐
cessful	tree	seedling	establishment.
4.4 | Management implications





one	 for	 a	 seedling	 (De	 La	 Cruz,	 Romao,	 Escudero,	 &	 Maestre,	
2008).	 Given	 their	 widespread	 occurrence,	 seed–seedling	 con‐
flicts	(summarized	by	Schupp,	1995)	likely	play	an	important	role	
in	structuring	mountain	forest	systems	through	their	 impacts	on	
recruitment	success.	Our	contribution	 lies	 in	demonstrating	 that	
     |  11CÁCERES Et al.


















etation	 in	 South	America.	 For	Polylepis australis,	 predicted	 climate	





stress	 type	 (resource	 based	 vs.	 non‐resource	 based)	 and	 changes	
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